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Abstract: High rate and long cycle life performance for 
electrodeposited, binder-free V2O5 thin film cathodes and lithium 
metal anodes is described using liquid and polymer gel electrolytes of 
the pyrrolidinium based (C4mpyrTFSI) ionic liquid (IL). Sharp well-
defined voltammetric peaks typically seen with nanostructured V2O5 
materials in organic electrolytes, support the fast kinetics observed. 
The addition of vinylene carbonate (VC) stabilises the electrolyte 
interface leading to higher electrode capacities than for the additive-
free electrolyte, ~ 120 versus ~90 mAh g-1 at 0.75 C. Polymer gel 
electrolytes based on the IL yield similar electrode capacities, 
coulombic efficiencies and high rate performances without the VC-
additive. The polymer gel option delivers the better long-term stability 
up to 400 cycles with lithium metal anodes with minimal capacity fade 
at elevated charge and discharge rates up to 5 C. 
Introduction 
The conceptualisation of the Internet of Things (IoT), has led to 
an increased demand for miniaturised IoT sensors.[1] In order to 
ensure autonomy, energy harvesters coupled with appropriate 
energy storage systems are necessary. Typical Li microbatteries 
utilise lithium cobalt oxide (LiCoO2) cathode coupled with Li metal 
and a solid-state electrolyte. However, cobalt (Co) is not an 
abundant material and can only be mined in a small number of 
global locations where the largest share (~50%) is found in the 
Democratic Republic of Congo.[2] This has led to price instability 
and a dramatic increase from ~$21,000 per metric tonne in 
January of 2016 to $95,307  in March of 2018, and more recently 
$34,500 in February 2020.[3] Therefore researchers are 
investigating cathode materials with decreased Co content or 
ultimately entirely Co-free. 
 
Vanadium pentoxide (V2O5), is of particular interest due to lower 
cost, wider availability and higher energy density. V2O5 thin films 
can be prepared by various deposition techniques such as 
including sol-gel [4], spray pyrolysis[5], thermal evaporation[6], 
electron beam evaporation[7], pulsed laser deposition[7a, 8], 
chemical vapour deposition[9], ion beam sputtering[10], 
electrodeposition[11] and D.C.[12] or R.F. sputtering[12b, 13]. 
Electrodeposition is a well-established and relatively low-cost 
option that is scalable to produce uniform deposits. Fabrication of 
thin films through electrodeposition can facilitate sequential layer 
build-up processes typically used in microbatteries. 
 
Typically V2O5 analysis for Li based battery applications has been 
carried out in organic-based electrolytes,[14] however, being 
liquids with high volatility hinders their use in thin film 
microbatteries. Typical solid-state electrolytes such as LiPON 
have low ionic conductivities, typically 3 x10-3 mS cm-1,[15] which 
often result in low rate capabilities. Therefore, we assessed the 
electrochemical performance of V2O5 with an IL and subsequently 
polymer analogue electrolyte, whose favourable properties, high 
ionic conductivity and non-volatility, offer a compromise between 
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electrochemical performance of specifically nanostructured V2O5 
morphologies with 1-propyl-1-methyl-pyrrolidinium 
bis(trifluoromethylsulfonyl)imide (C3mpyrTFSI) electrolyte. The 
results from that study showed an improved electrochemical 
performance of V2O5 in the IL when compared to a conventional 
organic electrolyte (1 M LiPF6 in EC/DMC (1:1)). The 
electrochemical analysis described in this work utilised 1-butyl-1-
methylpyrrolidinium bis(trifluoromethylsulfonyl)imide 
(C4mpyrTFSI) based electrolytes. The combination of plated thin 
film V2O5 and C4mpyrTFSI-based electrolytes is shown to 
facilitate long-term cycling with metallic Li anodes surpassing the 
20 to 100 cycles typically reported.[17] In this study, the stability of 
V2O5 in the ionic liquid was investigated using cyclic voltammetry 
(CV) and galvanostatic cycling to determine the cycling efficiency 
and electrode capacity including long term cycling at elevated C-
rates. The initial analysis is focused on determining whether 
crystalline or amorphous films are better suited for Li+ cycling with 
C4mpyrTFSI as some amorphous oxide materials such as TiO2 
have been reported to exhibit better electrochemical performance 
than their crystalline counterparts.[18] We utilised carbonate 
additives in the butyl-methylpyrrolidinium-based ILs to investigate 
if it suppresses the growth of Li dendrites to enable enhanced 
cycle life with metallic lithium anodes as previously reported for 
typical organic-based electrolytes. [19] The use of VC is also 
investigated to develop a more stable cathode electrolyte 
interface (CEI) layer at the V2O5. Finally, long-term cycling 
analysis is shown up to 400 cycles with increasing C-rates, such 
as 50 cycles at 5 C, with both the IL and polymer gel electrolytes 
to determine the long-term stability of the V2O5/Li metal cell. 
 
Results and Discussion 
Electrodeposition was used to obtain porous V2O5 thin films with 
similar film morphologies to those previously described in the 
literature (figure 1(a)).[11a] SEM analysis indicates a crystallite size 
of approximately 130 nm (inset figure 1b). EDX analysis confirms 
a V:O ratio of 5:2 which matches the compositions reported in the 
literature.[20] The crystal structures of V2O5 in the local 
environment and x-z projection, are shown in figure 1(c) and (d) 
respectively. The as-deposited films shown in figure 1(e) yielded 
broad, low-intensity peaks, which is indicative of an amorphous 
film.[21] The peak assignments at 200 and 450 cm-1 are attributed 
to the bending vibration modes of the V3-O (triply co-ordinated 
oxygen), V2-O (doubly co-ordinated oxygen) and V=O (terminal) 
bonds in a disordered V-O-V framework, while the peak at 520 
cm-1 is due to the stretching vibration modes of the V3-O bonds in 
a disordered V-O-V framework.  
 
Annealing the electrodeposited V2O5 at 325 ºC yielded crystalline 
films confirmed by Raman spectroscopy with intense, sharp well-
defined peaks as shown in figure 1(d), which match the literature 
data for the orthorhombic phase of V2O5,
[11e, 21a, 21b, 21e]. The 
orthorhombic phase of V2O5 has a well-established spectrum with 
a space group Pmmn and D2h point symmetry.
[22] There are 4 
symmetry equivalent atomic positions per unit cell, and 12 
symmetrical combinations can be built from the Cartesian 
displacement of the equivalent atoms. Six of the combinations are 
IR-active and six are Raman active. Ag and B2g Raman modes are 
from the displacements of the x and z-axis while the B1g and B3g 
Raman modes come from displacement of the y-axis. In some 
symmetries, half the bond length is shortening, and the other half 
is stretching so the bond stretching and shortening cancel each 
other out. The peaks for the annealed films correspond to in-
phase stretching vibration of V=O1 bonds (993.40 cm-1), anti-
phase stretching of V-O2 bonds (700.90 cm-1), x-axis 
displacements of stretching O2 atoms (524.9 cm-1), bending of V-
O3-V bridge angle (482.30 cm-1), x-axis displacement of O1 
atoms (403.70 cm-1), z-axis displacements of O21 and O22 atoms 
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Figure 1: SEM analysis of (a) amorphous and (b) crystalline V2O5 thin films (inset indicates crystallite size), where EDX analysis determined a 5:2 V:O ratio. 
Crystal structure of V2O5 in the (c) local environment and (d) x-z projection. Raman spectra of (e) amorphous V2O5 and (f) crystalline V2O5 with peak assignments. 
Figure 1(c and d) adapted with permission from Baddour-Hadjean et al.[22a] Copyright 2020 American Chemical Society 
 
x-axis displacement of V atoms (195.10 cm-1), V atoms mixed 
signal of shear motion and rotation of the ladders, and O3-V-O2, 
in the y-axis (144.70 cm-1), and V atom vibration in the O3-V-O2 
bridge in the z-axis (103 cm-1). The peaks at 195.10 cm-1 and 
144.70 cm-1 correspond to the lattice vibration and are strongly 
associated with a layered structure. [21d, 23] Based on the Raman 
spectra, the unannealed V2O5 thin films are amorphous with a 
disordered framework, while the annealed V2O5 thin films are 
crystalline with a layered structure as evidenced by the peak 
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Figure 2: CV comparison of (a) amorphous and (b) crystalline V2O5 thin film electrodes in 0.5 M LiTFSI in C4mpyrTFSI. Scan rates: 0.05 mV s-1 (blue), 0.1 mV s-1 
(green) and 0.5 mV s-1 (red) 
 
peaks associated with VO2 indicating that any tetravalent 
vanadium present is a very small percentage which is in  
agreement with other studies reported in the literature.[21e, 24]  
 
The electrodeposition of V2O5 produces thin films compatible with 
microbattery fabrication processes. Typically, a solid-state 
electrolyte is utilised to facilitate sequential layer build-up, 
however, as V2O5 thin films with C4mpyrTFSI electrolytes have 
not been previously reported, the initial analysis was carried out 
with liquid electrolytes followed by the solid-state polymer gel 
analogue. Distinct differences between the electrochemical 
performance of amorphous and crystalline V2O5 films have been 
previously observed for  lithium based batteries in organic 
electrolytes.[21a, 25] CV analysis for both amorphous and crystalline 
electrodeposited V2O5 electrodes is shown in figure 2. Amorphous 
materials lack long-range order or required ion diffusion channels 
leading to isotropic lithium diffusion.[26] This results in the broad 
peaks observed in figure 2(a), indicative of pseudo-capacitive 
storage, either at the particle surface or within the interlayer 
spacing of the material. [21a, 25b] To get appreciable capacities the 
cycling must be conducted over the potential range 2.5 to 4.0 V. 
In contrast, sharp very well-defined peaks are observed for the 
crystalline material over a potential range of 2.9 to 3.6 V as shown 
in equations 1 to 3.[27] 
 
𝑉2𝑂5 + 𝑥𝐿𝑖 + 𝑥𝑒
− ↔ 𝛼𝐿𝑖𝑥𝑉2𝑂5     (𝑥 < 0.1)       Equation 1 
𝑉2𝑂5 + 𝑥𝐿𝑖 + 𝑥𝑒
− ↔ 𝐿𝑖𝑥𝑉2𝑂5     (0.35 < 𝑥 < 0.7)          Equation 2 
𝑉2𝑂5 + 𝑥𝐿𝑖 + 𝑥𝑒
− ↔ 𝛿𝐿𝑖𝑥𝑉2𝑂5     (𝑥 = 1)                        Equation 3 
 
Equations 1 and 2 refer to peaks that occur at ~3.3 V and ~3.4 V, 
as these peaks correspond to / transitions, while / transition 
peaks at ~3.1 V and ~3.2 V are represented by equations 2 and 
3. The peak positions for this thin film material (intercalat ion 
peaks: 3.38 V and 3.18 V, deintercalation peaks: 3.23 V and 3.44 
V) are similar to those obtained in organic electrolytes where such 
well-defined peaks are typically only seen for nanostructured 
cathode material (intercalation peaks: 3.35 V and 3.15 V, 
deintercalation peaks: 3.26 V and 3.47 V).[14] The electrical 
conductivity for a V2O5 film of similar dimensions (~260 nm) film
[28] 
is 1.17 x10-3 S cm-1 which is in the same region if not better than 
typical oxide materials used as cathodes for lithium ion batteries. 
The average lithium ion diffusion coefficient calculated for the 
crystalline V2O5 was determined to be 7.83 x10
-10 cm2 s-1 for the 
220 nm films which also compares very favourably with oxide 
materials typically utilised.[29] The diffusion coefficients obtained 
for the α/ε and ε/δ phases of the film are 8.53 x10-10 and 7.14 x10-
10 cm2 s-1, respectively. The sharp peaks in the voltammograms 
recorded at relatively high rates (0.5 mV/s over 600 mV) which 
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Figure 3: Comparison of electrode capacities and coulombic efficiencies (black) at various scan rates for (a) amorphous and (b) crystalline V2O5 thin film electrodes 
in 0.5 M LiTFSI in C4mpyrTFSI. Scan rates: 0.05 mV s-1 (blue), 0.1 mV s-1 (green) and 0.5 mV s-1 (red).
complicated by low electronic conductivity. The current densities 
for the amorphous V2O5 are significantly lower than for the 
crystalline materials, which is also attributed to isotropic Li+ 
diffusion pathways.[26] 
 
The crystalline film exhibits greater capacity and cycling stability 
than the amorphous films during CV analysis as shown in the 
summary data of figure 3. The coulombic efficiency for the 
crystalline material is close to 100% across all scan rates 
investigated up to 0.5 mV/s, which is due to highly reversible Li+ 
intercalation/deintercalation as evidenced by the overlapping CVs 
at each sweep rate in figure 2(b). The crystalline materials result 
in observed electrode capacities close to theoretical (147 mAh g-
1) for both intercalation and deintercalation (~140 mAh g-1 at 0.05 
mV s-1).  
 
As shown in figure 3(a) the amorphous electrode exhibits low 
capacity and poor reversibility with significant capacity loss on 
cycling except at the slowest scan rate which still only achieved 
80 mAh g-1. This is attributed to the isotropic lithium diffusion 
whereby the Li+ intercalation/deintercalation processes are not as 
reversible as evidenced in figure 3(b).  
 
Galvanostatic cycling was employed to determine the rate 
capabilities of the amorphous and crystalline electrodes. The 
crystalline film exhibits the typical step profile as shown in figure 
4 which is attributed to the various phase changes V2O5 
undergoes during cycling with Li+, while no plateau was observed 
in the amorphous films. The linear curves without a clearly defined 
plateau is indicative of pseudo-capacitor behaviour,[30] which 
correlates well with the CV results. 
 
A cut-off voltage of 2.5 V was utilised due to the onset of side 
reactions which affected the Li intercalation/deintercalation 
efficiency of V2O5. The crystalline V2O5 electrode exhibits excess 
capacity in the initial cycles as shown in figure 4 due to the 
formation of a cathode electrolyte interface (CEI) layer. This 
results in lower coulombic efficiencies in the initial scans. Coating 
cathode materials with ex situ protective layers such as Al2O3 has 
been reported to yield improved electrochemical performance. [31] 
An alternative to such coatings is the utilisation of carbonate 
additives which form stable electrolyte interfaces in situ in organic 
solvents early on in the cycling process. VC was investigated to 
determine its ability to form a stable electrode/electrolyte interface 
in this ionic liquid-based electrolyte. 
 
The ionic conductivity of the two electrolytes was determined by 
EIS at room temperature. The values for the VC-free and VC-
containing electrolytes are almost identical at 1.50 and 1.54 mS 
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Figure 4: Galvanostatic profiles for cycles 1 to 10 for crystalline (blue) and 
amorphous (black) V2O5 thin films at 0.2 C in 0.5 M LiTFSI in C4mpyrTFSI. 
 
The electrode kinetics of the crystalline materials were 
investigated to determine if there is a change upon addition of VC 
to the electrolyte. Similar peak separations were obtained in the 
additive-free and VC-containing electrolytes across all scan rates, 
for example the peak separation obtained within the additive-free 
electrolyte was 36 and 39 mV for ε/δ and α/ε phases respectively 
at 0.05 mV s-1, while under the same conditions, peak separations 
of  37 and 42 mV were observed in the VC-containing electrolyte. 
This indicates that the rates of Li+ intercalation and deintercalation 
are similar across all scan rates. The diffusive and non-diffusive 
contributions (b-value) are compared for both electrolytes. The 
contribution from the diffusion and non-diffusion controlled 
kinetics can be quantified as the measured current (i) at a fixed 
potential (V) where the current is a combination of the two kinetic 
regimes, equation 4. The equation is rearranged to a line equation 




 is plotted against √𝑣  . The percentage 
contribution of diffusion and non-diffusion controlled kinetics is 
calculated using equations 6 and 7, respectively.[29, 32] 
 
𝑖 = 𝑘1𝑣 + 𝑘2𝑣




0.5 + 𝑘2       Equation 5 




0.5     Equation 6 
 𝑁𝑜𝑛 − 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑑 =  
𝑘1𝑣
𝑘1𝑣+𝑘2𝑣
0.5  Equation 7 
 
The corresponding b values for the VC-free electrolyte and both 
the ε/δ and α/ε phases are ~0.75 and ~0.65, respectively. From 
this data it is evident that non-diffusion controlled kinetics is 
having an influence in the reaction as the value is higher than 0.5 
which is attributed to diffusion controlled reactions solely. The 
non-diffusion controlled contribution increases from ~17% to 
~62% as the scan rates increase from 0.05 mV s-1 to 0.5 mV s-1. 
This increase is expected with phase changes as this can expose 
metal ions within the bulk to the outer surface and promote 
intercalation that is not diffusion controlled.[33] Similar b-values are 
obtained for the VC-containing electrolyte as shown in table 1, 
which indicates that the electrode kinetics are not significantly 
impacted by the addition of VC. 
 
Table 1: Comparison of the peak separation between the ε/δ and α/ε phases, 
and b values in various electrolytes. 
Scan rate 
(mV s-1) 
0.5 M LiTFSI in 
C4mpyrTFSI 
3 wt.% VC in 0.5 M 
LiTFSI in 
C4mpyrTFSI 
Peak separation (mV) 
ε/δ α/ε ε/δ α/ε 
0.05 36 39 37 42 
0.1 54 55 50 50 
0.5 132 132 131 125 
b value 0.75 0.65 0.72 0.66 
 
When the galvanostatic cycling performances of the VC-free and 
VC-containing electrolytes are compared, it is evident that the 
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Figure 5: Comparison of crystalline electrode capacities and coulombic efficiencies (black) at various C-rates, where electrolytes used are (a) 0.5 M LiTFSI in 
C4mpyrTFSI and (b) 3 wt.% VC in 0.5 M LiTFSI in C4mpyrTFSI.
enhanced as shown in figure 5. Due to the formation of a stable 
interface, there is a decreased electrolyte breakdown (figure 5(b)), 
thus resulting in more stable cycling within VC-containing 
electrolytes, where higher electrode capacities (VC-free: ~90 mAh 
g-1 vs. VC-containing: ~ 120 mAh g-1 at 0.75 C) and coulombic 
efficiencies (VC-free: ~93% vs. VC-containing ~97%) are 
obtained. 
 
As observed in figure 4, the amorphous electrodes yield lower 
electrode capacities than their crystalline counterparts in 0.5 M 
LiTFSI in C4mpyrTFSI and a similar trend is observed when 
utilised in VC-containing electrolytes. At low rates such as 0.2 C, 
intercalation capacities exceed theoretical, whereby coulombic 
efficiencies are less than 60% which is in stark contrast with the 
values obtained in figure 5(b). At higher rates such as 3.5 C, the 
electrode capacities for the amorphous films are approximately 20 
mAh g-1 lower than the crystalline materials (80 vs. 100 mAh g-1). 
The crystalline material shows greater electrode capacities and 
better coulombic efficiencies across all C-rates when compared 
to the amorphous electrode in 3 wt.% VC in 0.5 M LiTFSI in 
C4mpyrTFSI (5 C: 95 mAh g
-1 and 99.7% vs. 73 mAh g-1 and 99%). 
The charge and discharge capacities of the crystalline data are 
93% and 88% of the theoretical value at 0.2 C. Even at a 10 C 
rate the specific capacity of 52% is achieved (76 mAh g-1), with a 
coulombic efficiency of 99.9%.  
Microbatteries typically utilise a solid-state electrolyte which 
enables sequential layer build-up of thin film materials. Crystalline 
and amorphous V2O5 electrode were analysed with a quasi-solid-
state polymer gel electrolyte containing the pyrrolidinium ionic 
liquid C4mpyrTFSI, PVDF-HFP and LiTFSI salt, where 
C4mpyrTFSI accounted for 60% of the mixture’s weight. Once the 
solvent evaporated from the polymer film after solvent casting, no 
further post processing was required, unlike similar membranes 
in the literature where the polymer membrane required soaking in 
the electrolyte.[34] This thin film polymer gel has an ionic 
conductivity of 1.9 mS cm-1 which is comparable to the liquid 
analogue LiTFSI in C4mpyrTFSI (1.5 mS cm
-1).[35] CV intercalation 
peaks at 3.39 V and 3.18 V and deintercalation peaks at 3.24 V 
and 3.44 V are similar to those for the liquid analogue electrolytes 
(intercalation peaks: 3.38 V and 3.18 V, deintercalation peaks: 
3.23 V and 3.44 V). Figure 6 demonstrates the cyclability of V2O5 
electrodes with the polymer gel of C4mpyrTFSI, whereby the 
crystalline V2O5 exhibits higher electrode capacities than 
amorphous V2O5, 131 versus 81 mAh g
-1 at 0.3 C, respectively. 
The coulombic efficiencies were above 90% for all C-rates 
investigated for both crystalline and amorphous materials. The 
electrode capacities obtained for the crystalline V2O5 films are 
similar to those obtained with 3 wt.% VC in 0.5 M C4mpyrTFSI, 
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Figure 6: Comparison of electrode capacities and coulombic efficiencies (black) for (a) crystalline and (b) amorphous V2O5 thin films. Electrolyte: 450 µm PG-60.
LiTFSI in C4mpyrTFSI (~120 versus ~85 mAh g
-1 at 1 C). Again, 
the amorphous film exhibited poor performance with electrode 
capacity fading rapidly to less than half the capacity of the 
crystalline material at the 1 C rate. 
 
Due to the improved electrochemical performances of the 
crystalline V2O5 electrodes with the PG-60 electrolyte and 3 wt.% 
VC-containing liquid electrolytes, long-term cycling was 
investigated. Both electrodes underwent the same initial C-rate 
analysis described above for figures 5 and 6, and then 50 cycles 
at various C-rates were analysed up to a total of 400 cycles as 
shown in figure 7. The crystalline V2O5 gave similar capacity 
values when cycled in the polymer gel and ionic liquid versions of 
the electrolyte, e.g. 110 mAh g-1 at 2 C. The PG-60 exhibits the 
better long-term cycling with minimal capacity fade (figure 7(b)), 
compared to the liquid electrolyte 3 wt.% VC in 0.5 M LiTFSI in 
C4mpyrTFSI (0.4 vs. 2.9% over 50 cycles at 5 C). In addition, the 
final 0.2 C rate capacity is recovered in the PG-60 test to ~125 
mAh g-1 after cycling at 5 C. This demonstrates that fast cycling 
does not lead to electrode deterioration as the final capacity 
matches the initial value at the 0.2 C rate. After cycling SEM, EDX 
and Raman analysis was carried out and compared to the results 
shown in figure 1. The morphological and compositional data 
acquired before and after cycling were identical, thus indicating 
no change in the films. It also indicates that lithium metal anodes 
can be used for long term cycling without capacity fade or short 
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Figure 7: Comparison of electrode capacities and coulombic efficiencies (black) at various C-rates for crystalline V2O5 electrodes in (a) 3 wt.% VC in 0.5 M LiTFSI 
in C4mpyrTFSI and (b) 450 µm PG-60
Conclusion 
CV analysis of crystalline V2O5 yields coulombic efficiencies >99%, 
where high electrode capacities >120 mAh g-1 are obtained. This 
data has not been previously reported in the literature with 
C4mpyrTFSI-based electrolytes. The electrodeposited V2O5 thin 
films produce sharp well-defined intercalation and deintercalation 
peaks in C4mpyrTFSI, unlike the broad pseudo-capacitive-like 
peaks in C3mpyrTFSI previously reported in the literature. In 
addition, the peak positions obtained in C4mpyrTFSI are 
comparable with those obtained at nanostructured V2O5 in 
organic electrolytes demonstrating similar electrochemical 
performances. Utilisation of carbonate additives such as VC allow 
for the formation of a stable cathode electrolyte interface (CEI) 
layer within organic electrolytes, thus reducing the need for ex-
situ protective layers such as Al2O3. In this work, the formation of 
a stable cathode electrolyte interface (CEI) layer is demonstrated 
with the IL, resulting in higher electrode capacities during 
galvanostatic cycling than for the additive free electrolyte, ~ 120 
versus ~90 mAh g-1 at 0.75 C, without adversely affecting the 
electrode kinetics. These results give insight into the 
electrochemical performance of V2O5 with liquid C4mpyr-based IL 
electrolytes, whereby the utilisation of suitable in situ additives 
reduce the need to pre-coat cathode materials with protective 
nanoscale layers such as Al2O3, which oftentimes are electrical 
insulators. 
 
Crystalline V2O5 cycling with polymer gel electrolyte suited for 
layer by layer microbattery fabrication yields electrode capacities 
(110 mAh g-1 at 2 C) similar to those obtained in liquid electrolytes. 
Stable long-term cycling with minimal capacity fade at high C-
rates is observed in the polymer gel electrolyte, for example 0.4% 
over 50 cycles at 5 C. In addition, the final 0.2 C rate capacity is 
recovered in the PG-60 test to ~125 mAh g-1 after cycling at 5 C. 
These results also indicate that lithium metal anodes can be used 
for long term cycling without capacity fade or short circuits 
developing in either the VC containing IL or the polymer gel 
analogue. The fabrication options described in this work for V2O5 
with the polymer gel electrolyte and lithium metal anodes could 
realise all-solid-state Li microbatteries for long-life IoT sensors. 
 
Experimental Section 
Binder-free V2O5 was electrodeposited at room temperature using a CH 
Instruments 660B potentiostat onto a Si coupon with 10 nm Ti and 100 nm 
Au. To produce a film thickness of ~220 nm with a mass loading of 7.4 x10-
5 g, electrodeposition was carried out using a constant potential of 2 V for 
10 s in a three-electrode setup with a saturated calomel electrode (SCE) 
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respectively. The electrochemical bath was a 0.25 M solution of 
VOSO4.xH2O, (assumed degree of hydration is 5) purchased from Sigma 
Aldrich, in a 1:1 (v/v) mixture of deionized water and ethanol. [36] After 
deposition, some samples were heated to 325 °C to crystallise the V2O5 
deposit (annealed), while other samples were dried using a N2 gun (as-
deposited). The crystallinity of the samples was determined by Raman 
spectroscopy (Renishaw Invia, 514 nm laser). 
 
A polymer gel electrolyte was synthesised consisting of 1-butyl-1-
methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (C4mpyrTFSI), 
lithium bis(trifluoromethylsulfonyl) imide (LiTFSI) and PVDF-HFP as 
described by McGrath et al.[35] The polymer gels were synthesised by 
dissolving PVDF-HFP in molecular-sieve dried acetone at 50 °C with 
stirring for 30 minutes. Once dissolved, the LiTFSI was added and stirred 
for a further 30 minutes. Finally, C4mpyrTFSI was added (60 wt.% of 
mixture) and denoted as PG-60. The mixture was stirred for 1 hour before 
being solvent cast into petri dishes. Once the acetone evaporated, the 
thickness of the polymer gel (~450 µm) was determined using a 
micrometre. 
 
Electrochemical measurements of the Li+ capacity were assessed by CV 
and galvanostatic cycling with potential limitation (GCPL) using a Bio-logic 
VSP potentiostat at various scan rates and discharge/charge currents, 
respectively. A three-electrode thin film pouch cell microbattery setup was 
utilised where 0.25 mm thick lithium foil (Sigma Aldrich) acted as counter 
and reference electrode. 1 cm2 of the cathode was exposed as the working 
electrode to the electrolyte solutions: 0.5 M LiTFSI in C4mpyrTFSI, 3 wt.% 
VC in 0.5 M LiTFSI in C4mpyrTFSI and the polymer gel electrolyte PG-60, 
where 0.5 M LiTFSI was chosen as the optimum salt concentration which 
exhibited high ionic conductivity (1.5 mS cm -1) and Li deposition and 
stripping capabilities. The diffusion co-efficient was determined from CV 







2  Equation 8 
Where n is the number of electrons transferred, A is the active area of the 
electrode, CLi is the bulk concentration of Li in the electrode, and DLi is the 
diffusion co-efficient of Li in the thin film electrode. 
 
Cell assembly was carried out in an argon-filled glove box (M. Braun 
LABstar Glove Box) with O2 and H2O maintained below 0.1 ppm. 
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